A study was conducted in a split-plot design to evaluate the effect of fertilizer placement method on weed growth and grain yield in a dry-seeded rice (DSR) system. Main-plot treatments were four fertilizer placement methods: between narrow rows (between 15-cm-wide rows of the pattern 25-15-25 cm), between uniform rows (between 20-cm-wide rows), within uniform rows, and surface broadcast. Subplot treatments were three weed control methods: herbicide-treated, nontreated, and weed-free. Weed biomass was greater in the nontreated plots than in the herbicide-treated plots. Herbicide application reduced weed biomass by 89% to 99% compared with the nontreated control. Fertilizer placement did not influence weed biomass in the herbicide-treated plots; however, it greatly influenced biomass in the nontreated plots. Fertilizer placement on the surface increased weed biomass (69 -71 g·m -2
Introduction
Rice (Oryza sativa L.) is an important staple crop in Asia. Growers in many Asian countries (e.g., Philippines and India) are shifting their production systems from traditional puddled-transplanted rice to seeded rice, especially dry-seeded rice. The main reasons for this shift are labor and water scarcities [1, 2] . In many regions, it is also difficult to find laborers at the critical time of transplanting. Dry-seeded rice (DSR) has several advantages: it is less labor-intensive, consumes less water, is more easily and rapidly planted, has fewer methane emissions, and is conducive to mechanized seeding [1] . However, this production system is not without limitations. Weeds are the main biological constraint in DSR systems as weed and rice seedlings emerge simultaneously and there is no standing water to suppress weeds at the time of crop emergence [3] . Herbicides are widely used to manage weeds in DSR systems.
In Asia, growers in DSR systems usually broadcast basal fertilizer before crop planting. The main reasons for surface broadcast are a lack of appropriate seed drills to band fertilizer at optimum position in the soil and limited options of fertilizers [e.g., phosphorus (P) and potassium (K)] with uniform size of granules, which can be used in seed drills. Fertilizer placement is considered one of the important components of cultural weed management programs [4] as fertilizer placement can markedly influence the competitive ability of crops and interference from weeds [5] . In previous studies, placement of fertilizer below the soil surface improved wheat (Triticum aestivum L.) growth and reduced weed emergence and weed growth compared with placement on the soil surface [4] [5] [6] [7] [8] .
In Canada, nitrogen (N) application method had larger effects than N application timing on weed growth and wheat yield [9] . In that study, shoot N concentration and biomass of weeds were lower with banded N than with surface-broadcast N. In another study, band placement of fertilizer (blend of N, P, and K) reduced the growth of grass and broadleaf weeds in soybean (Glycine max L.) and groundnut (Arachis hypogaea L.) by more than 40% compared with surface-broadcast fertilizer [10] . The information from several studies suggests that manipulation of fertilizer placement is a promising weed management approach to reduce weed competition in crops [5, 9] . In the future, banding of fertilizer rather than surface broadcast could also help to reduce fertilizer rates and increase fertilizer-use efficiency.
Most of the information on the effect of fertilizer placement on weeds is available from the Americas. Very limited information is available in the literature from Asian regions, especially in DSR systems. As DSR is an emerging production system in Asia, information on the effect of fertilizer placement on weed and crop growth may help researchers, manufacturers, and farmers to manipulate fertilizer placement to achieve high grain yield. Therefore, a field study was conducted to evaluate the effect of fertilizer placement on weed growth and grain yield of rice in a dry-seeded system.
Materials and Methods
A study was conducted in irrigated conditions during the dry and wet seasons of 2012 on the farm of the International Rice Research Institute, Los Baños, Philippines, to evaluate the effect of fertilizer placement on weed growth and grain yield in a DSR system. Soil at the experimental site had sand, silt, and clay contents of 28, 43 and 29%, respectively. The maximum and minimum temperatures (˚C), and total rainfall (mm) recorded at the experimental site are shown in Figure 1 . The experimental site was rotovated twice using a 4-wheel tractor before crop planting and then it was leveled using a wooden board.
The experiment was arranged in a split-plot design with four replications in each season. Main-plot treatments were four fertilizer placement methods: 1) between narrow rows (fertilizer incorporated 5-cm deep between 15-cm-wide rows of the pattern 25-15-25 cm, i.e., paired rows), 2) between uniform rows (between 20-cm-wide rows), 3) within uniform rows (below seed), and (4) surface broadcast (before crop planting). In the broadcast method, fertilizer was applied before the last land preparation operation. A complete fertilizer (14:14:14 of N:P 2 O 5 :K 2 O) was used for the basal dose at 42 kg ha of spray solution through flat-fan nozzles at a spray pressure of 140 kPa. Immediately after crop planting, the field was flush-irrigated and then irrigated as required by the crop. In the crop, N (as urea) was applied in two equal splits in all the treatments, that is, 56 kg·N·ha -1 at 35 DAP and 56 kg·N·ha -1 at 60 DAP (panicle initiation). Total weed density and biomass were evaluated at 35 and 60 DAP by placing two 40-cm × 40-cm quadrats in each plot. Weeds were uprooted from soil, washed with tap water, and then counted. Weed biomass was determined after drying the samples in an oven at 70 C for 72 h. The crop was harvested on May 2 and September 24, 2012, from a harvest area of 4.5 m 2 . Grain yield was converted to kg·ha -1 at 14% moisture content. Weed density and biomass data were subjected to transforma-tion; however, the transformation did not improve the homogeneity of variance. Therefore, original data were analyzed using ANOVA to evaluate differences between treatments, and the means were separated using LSD at 5% level of significance [11] .
Results and Discussion
At 35 DAP, weed density was significantly influenced by fertilizer placement method in the dry season but not in the wet season ( Table 1 ). In the dry season, maximum weed density was observed in the plots in which fertilizer had been broadcast; however, weed density in these plots was significantly higher than in the plots in which basal fertilizer was applied within uniform rows (20-cm spacing).
Months (2012)
Total rainfall (mm) Although weed density in the wet season was highest in the plots fertilized with the broadcast method, the difference in density between different fertilizer placement methods was nonsignificant. Weed density declined significantly after herbicide application. In the herbicidetreated plots, weed density was 18 and 23 plants·m -2 in the dry and wet seasons, respectively. These values in the nontreated plots were 379 and 599 plants·m -2 , respectively.
Weed biomass at 35 DAP was affected by the interaction between fertilizer placement method and weed control treatment in both seasons ( Table 2) . Weed biomass was always greater in the nontreated plots than in the herbicide-treated plots. Irrespective of the season and fertilizer placement method, herbicide application reduced weed biomass by 89% to 99% compared with the nontreated control. Fertilizer placement did not influence weed biomass in the herbicide-treated plots; however, it greatly influenced biomass in the nontreated plots ( Table  2) . In both seasons, fertilizer placement on the surface (i.e., broadcast) increased weed biomass compared with the placement of fertilizer below the soil surface. In the dry season, the broadcast treatment had 25% to 51% higher weed biomass than the other fertilizer placement methods and these values in the wet season were 39% to 86%. The placement of fertilizer in the soil, whether applied between or within rows, did not influence weed biomass in the dry season. In the wet season, however, weed biomass was lower in the plots in which fertilizer was applied between narrow rows than within uniform rows ( Table 2) . The results of our study suggest that growers practicing broadcast fertilizer may experience increased weed problems, when they don't apply preemergence or early post-emergence herbicides, or when they are expecting poor weed control due to limited resources. Our results are consistent with previous studies, in which placement of fertilizer below the soil surface reduced weed growth compared with placement on the soil surface [4] [5] [6] [7] [8] . Kirkland and Beckie [4] reported that broadcast-applied fertilizer was more effective than banded fertilizer in promoting wild oat (Avena fatua L.) and broadleaf weed emergence and growth in wheat. The authors also suggested that banding fertilizer at recommended rates can be an effective cultural practice for managing weeds in no-till and conventional tillage wheat-cropping systems; however, this method was not reliable when used as the sole method of weed management. In another study, wild oat and green foxtail [Setaria viridis (L.) Beauv.] had a competitive advantage over wheat by greater use of broadcast-applied N [7] . In barley (Hordeum vulgare L.), too, there were fewer wild oat plants where N fertilizer was banded rather than broadcast [12] . Most of the previous studies used only N fertilizer as a basal dose; however, we used complete fertilizer (i.e., N, P, and K). In Asia, growers usually apply P and K fertilizers before crop sowing and therefore our results are very much applicable for the region.
Fertilizer placement did not influence weed density and biomass at 60 DAP (data not shown). In our study, a second dose of N was broadcast in all treatments at 35 DAP and this is the common practice in Asia. It seems that N application at 35 DAP neutralized the effect of basal fertilizer placement on weed density and biomass at 60 DAP. Herbicide application, however, influenced weed density and biomass at 60 DAP. In the nontreated control, weed density was 102 and 652 plants·m -2 in the dry and wet seasons, respectively. These values in the herbicide-treated plots were 37 and 50 plants·m -2 , respectively. In the dry season, weed biomass was 0.7 and 3.3 g·m -2 in the herbicide-treated and nontreated plots, respectively. These values in the wet season were 20.2 and 328.7 g·m -2 , respectively. Compared with the dry season, higher weed density and biomass in the nontreated plots in the wet season were due to late hand weeding.
In both seasons, grain yield was not influenced by the interaction between fertilizer placement and weed control treatment; however, it was significantly influenced by the individual treatments ( Table 3) . In both seasons, nontreated plots had significantly lower grain yield than the other plots. Nontreated plots had 2080 and 700 kg·ha -1 of yield in the dry and wet seasons, respectively. Very low grain yield in the wet season was mainly due to a longer weed infestation period. In the dry season, hand weeding was performed at 35 DAP in the nontreated plots. It was observed that this weed infestation period (until 35 DAP) was not enough in the dry season; therefore, the hand weeding in the wet season was extended to 60 DAP. As explained earlier, weed biomass in the dry season in the nontreated control was only 3 g·m -2 at 60 DAP, whereas, in the wet season, weed biomass was 329 g·m -2 . The higher weed biomass in the wet season was mainly responsible for the lower yield in the nontreated plots in the wet season. One hand weeding was performed in the nontreated (weedy control) plots because growers in irrigated areas do not leave their rice fields infested with weeds throughout the season [13, 14] . Growers use at least one method of weed control. In addition, a DSR crop infested with weeds throughout the growing season may result in greater than 90% yield loss and, sometimes, total crop failure [15] . Grain yield in both seasons was similar between the herbicide-treated and weed-free plots ( Table 3) . These plots had 2620 -2660 and 3250 -3430 kg·ha -1 of grain yield in the dry and wet seasons, respectively. Similar grain yield between the plots treated with herbicides and weed-free plots suggests that the sequential application of oxadiazon as PRE and a commercial mixture of fenoxaprop plus ethoxysulfuron as POST effectively controlled weeds at the experimental site. In previous reports, too, oxadiazon was suggested as one of the effective PRE herbicides to control annual grasses and broadleaf weeds in DSR systems [16] [17] [18] [19] . Fenoxaprop plus ethoxysulfuron can effectively control a broad spectrum of weed flora, including Chinese sprangletop [Leptochloa chinensis (L.) Nees], which is hard to control by bispyribac-sodium, a commonly used POST herbicide in rice [20] .
Grain yield was not affected when basal fertilizer was banded within or between rows (Table 3) . However, grain yield decreased when basal fertilizer was broadcast on the soil surface. In the dry season, grain yield in the broadcast treatment (2200 kg·ha -1 ) was significantly lower than with the other fertilizer placement methods. In the wet season, however, grain yield was similar between ) or broadcast on the soil surface (2200 kg·ha -1 ).
The results of our study demonstrated that rice yield was usually lower with surface broadcast of fertilizer than with subsurface fertilizer treatments. Similar results have been reported in a previous study in Canada, in which wheat yield when competing with weeds was often greater with subsurface N treatments than with surfacebroadcast N [9] . In another similar study, spring wheat yield when competing with green foxtail or wild mustard [Brassica kaber (Dc.) L.C. Wheeler] was greater with point-injected N than with broadcast N in four of six cases [21] . Wheat grain yield after broadcast application of 45 kg·N·ha -1 was significantly lower than with deep banding of N fertilizer [22] . In conclusion, surface broadcast of basal fertilizer may result in high weed pressure in DSR systems. Therefore, there is a need to evaluate different seed drills capable of banding basal fertilizer within or between rows. Different fertilizers with suitable granular size should also be tested under DSR systems. Labor is becoming scarce in Asia and basal fertilizer application using seed drills would also help to reduce the labor requirement and increase fertilizer-use efficiency.
